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Abstract
Simulations of a DC non-transferred arc plasma torch operating with argon-
hydrogen have been performed by using a three-dimensional model. An ar-
ticially high electrical conductivity layer is employed to allow the current
passing through the low temperature region near the anode wall. A new
way by using two equations to describe the current density distribution is
developed. Besides, a new method for determining the location of the arc-
root attachment is proposed, in which the minimum total heat transfer rate
through the anode wall is considered as the criterion for the lowest energy
loss. Based on this criterion, the real arc core radius and length are predict-
ed. Moreover, the inuences of arc current and mass ow rate on the plasma
arc characteristics are also investigated. The results obtained show that the
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location of the arc-root attachment predicted by the minimum total heat
transfer rate principle is in good agreement with the previous work and the
experimental data. Additionally, it is found that arc length can be reduced
by increasing current or decreasing ow rate. Also, higher current and ow
rate lead to higher temperature and velocity inside the plasma torch.
Keywords: Non-transferred arc, Argon-hydrogen, Current density,
Minimum total heat transfer rate .
Notation
A magnetic vector potential (T-m)
B magnetic eld (T)
E electric eld (V/m)
T temperature (K)
W power (W)
I current (A)
L arc length (m)
Q mass ow rate (kg/s)
R arc core radius (m)
Rc radius of curvature of the anode column (m)
CD drag coecient (m)
Jcath current density prole at cathode tip (A/m
2)
J1 maximum value of Jcath (A/m
2)
Jinlet current density prole at inlet (A/m
2)
J2 maximum value of Jinlet (A/m
2)
e elementary charge (C)
 density (kg/m3)
u velocity (m/s)
uz axial component of the superimposed ow (m/s)
p pressure (Pa)
$
 stress tensor (Pa)
h enthalpy (J/kg)
hconv convective heat transfer coecient (W/m
2-K)
j current density (A/m2)
 thermal conductivity (W/m-K)
"r net emission coecient (W/m
3-sr)
kB Boltzmann constant (J/K)
 electrical conductivity (1/
-m)
 electric potential (V)
0 permeability of free space (Wb/A-m)
$
 identity tensor
 dynamic viscosity (kg/m-s)
 angle (deg)
r radial coordinate (m)
r0 radius of the anode column (m)
r1 radius of the cathode tip (m)
b real number
n real number (text) and normal to the boundary (table 1)
 eciency
k turbulent kinetic energy (J/kg)
" turbulent dissipation rate (J/kg-s)
t turbulent viscosity (kg/m-s)
1. Introduction
Plasma spray is one of the important thermal spraying techniques, which
has been attracting many attentions over the years. This technique can
be used to produce various metal and ceramic coatings for anti-wear, anti-
corrosion and thermal barrier etc. A large number of studies concerning
about the ow elds inside the plasma spray nozzle were carried out by both
experimental and numerical methods. However, results from experiments are
limited due to the high-cost equipments and the dicult implementation in
recording the ow eld data inside the torch. Alternatively, numerical sim-
ulation has been accepted to be an eective way to study the characteristics
of the plasma spray, especially complex ow elds inside the torch because
of its low time and economic consumption.
Simulation works on plasma arc inside the torch were rstly studied by us-
ing two-dimensional (2D) [1-7] and then extended to three-dimensional (3D)
models [8-17]. For 2D models, the anode arc attachment was calculated based
on axisymmetric assumption, which normally leads to the unrealistic result.
For 3D models, the arc attachment is always assumed to be a constricted
spot on the anode wall. In general, the position of the arc-root attachmen-
t in a DC plasma torch can be determined by the Steenbeck's minimum
principle (to seek the minimum arc voltage) [2, 8, 15] or the principle of min-
imum entropy production (to seek the minimum entropy production) [13].
The Steenbeck minimum principle is a special case of the minimum entropy
production principle. Moreover, Eichert et al[18], and followed by Meillot et
al.[19] have even used the criterion of thermal eciency to decide the length
of the arc-root attachment. They used experimentally measured power and
current as the input of the numerical model and then monitored the calcu-
lated thermal eciency. When the gun thermal eciency rate obtained by
numerical simulation is in agreement with that by experiment, the calculated
arc length was considered as the real one. This method is relatively easy to
implement but is limited because the experimental results must be known at
rst.
Transient process of the plasma arc was also introduced in dierent studies
[20-25]. Park et al. [20] simulated the movement of the plasma arc driven by
the rotating magnetic eld. The model used in their works could accurately
predict the azimuthal movement of the arc inside the torch. Baudry et al. [21-
23] systematically studied the motion behavior of the anode spot caused by
the interaction between the cold ow and the plasma arc. The reattachment
process in that work was also presented by specifying a maximum electric
eld. Colombo and Ghedini [24] simulated the plasma ow in a DC torch
by assuming a layer with high electrical conductivity in front of the anode
wall. By using this technique, the position of the arc attachment could
also be accurately predicted without any further assumption. Based on the
same assumption, Trelles et al. [26] also performed the simulation work on
the transient process of the plasma arc by using a multi-scale nite element
model.
Although the operation of plasma torch in real situation is time-dependent,
the study on the steady-state ow is also necessary and feasible for determin-
ing the arc-core radius and arc length because the experimental pictures have
presented a xed location of the erosion point resulting from the arc-root at-
tachment on the anode wall [8, 17]. Therefore, based on the steady-state
solution of the plasma ow inside the torch, a new principle called minimum
total heat transfer rate principle is proposed to determine the real arc-core
radius and arc length. This method refers to the previous proposed min-
imum entropy production principle by Ramachandran et al. [13]. In that
study, the minimum entropy production is regarded as the indication of low-
est energy dissipation by thermal current and convection, thus representing
the real situation. Their idea is also adopted in our paper but in a dierent
way that we monitor the total heat transfer rate through the anode wall.
We assume some arc-core radii rst, and each radius corresponds to a unique
arc length due to the articially high electrical conductivity layer technique
employed in this study. The one resulting in the minimum heat transfer
rate is recognized as the real are-core radius, and so is the corresponding arc
length. This method is more convenient in comparison with the principle of
minimum entropy production, because the heat transfer rate can be directly
obtained from the CFD software.
In order to realize this objective, a simplied plasma torch model proposed
by Ramachandran et al. [13]. is employed. Figure 1 shows the typical
schematic view of the arc column in a non-transferred arc plasma torch, and
the region framed by the red square is the computational region used in the
study. The geometry of the current model is given as same as that in Ref
[13] for the purpose of comparison and then validation of our new principle.
Besides, the current given in the form of current density and the mass ow
rate which closely relates to the location of the arc-root attachment are also
studied based on the minimum total heat transfer rate principle because the
arc movement signicantly aects the outow outside the torch as reported in
[26]. Moreover, a two-equation current density prole is developed, which can
guarantee the maximum value with the order of 108 A/m2, the zero current
density at the position of arc-core radius, and also the smooth transition
along the radial direction.
The simulations are performed based on the commercial code ANSYS-
FLUENT 14.5. User Dened Function (UDF) technique is employed to deal
with the additional governing equations, thermal-dynamic properties inter-
polation and other aspects where needed.
2. Mathematical model
2.1. Model assumptions
The model of plasma arc is based on the following assumptions:
1. The gravity eect and viscous dissipation are neglected.
2. The plasma ow is considered as steady, turbulent and incompressible.
Turbulence models are used because the rapid heating around arc causes
the sudden expansion of the gas and consequently its rapid acceleration (the
maximum Reynolds number can reach 2000 in our simulaton), which is able
to make the ow become turbulent [2].
3. The plasma ow is in local thermodynamic equilibrium (LTE). The plasma
gas is treated as a single continuous uid characterized by a single tempera-
ture for all species.
4. The plasma is optically thin.
5. The working gas is injected into the plasma torch in axial direction at the
torch inlet.
6. The induced electric eld uB is negligible.
2.2. Governing equations
The governing equations for plasma arc, including the equations of con-
servation of mass, momentum and energy, and the electromagnetic equations
given by Maxwell's equations in form of the electric potential and magnetic
vector potential, are presented as follows:
r  u = 0 (1)
r  (uu) =  rp+r  $ + jB (2)
r  (uh) = r  (rT ) + j  E  4"r + 5
2
kB
e
j  rT (3)
r  (r) = 0 (4)
r2A =  0j (5)
where the term j  B denotes the Lorentz force, j  E represents the Joule
heating term, 4"r means the volumetric radiation losses and j  rT indi-
cates the diusion of electron enthalpy. The radiation emission coecients
of argon (Ar) and hydrogen (H2) are taken from [25] and [26] respectively.
Thermodynamic and transport properties of the plasma gases are taken from
[29-30].
Besides the equations above, the following additional relations are needed
for computation:
 =  (ru+ruT   2
3
r  u$) (6)
rA = B;E =  r; and j = E (7)
The k   " model with SIMPLE algorithm (second order upwind) is used
as follows:
Turbulent kinetic energy k:
r  (ku) = r 

+
t
k

rk

+Gk   " (8)
Turbulent dissipation rate ":
r  ("u) = r 

+
t
"

r"

+
"
k
(C1"Gk   "C2") (9)
where t = C(k
2="). Gk represents the generation of turbulence kinetic
energy due to the mean velocity gradients. k and " are the turbulent
Prandtl numbers for k and " respectively. C1" and C2" are constant.
The following model coecients in ANSYS are chosen:
C1" = 1:44; C2" = 1:92; C = 0:09; k = 1:0; " = 1:3 (10)
2.3. Current density
If the linear current density prole imposed at the cathode tip and inlet
given as 3I (1  r=R) =(R2) is used, this prole is not smooth at r = 0. A
smooth function of the distribution of the current density should be closer to
real condition. If the parabolic current density prole 2I(1   r2=R2)=(R2)
is used, the maximum current density is below 108 A/m2. For commercial
plasma spray torches operating between 100 A and 800 A, the maximum
value of current density is expected to be of the order of 108 A/m2 [31]. If
the exponent current density prole like Je br
2
is used, the value at r = R is
not zero. Therefore, in order to meet all these requirements, a two-equation
current density prole is developed:
Jcath = J1e
 br2 (11)
Jinlet = J2(1  r
n
Rn
) (12)
where J1 and J2 mean the maximum values of Jcath and Jinlet, respectively.
Jcath and Jinlet must fulll:
Jcathjr=r1 = Jinletjr=r1
J 0cathjr=r1 = J 0inletjr=r1
(13)
From equations (11)-(13), the following relations can also be got:
b =
nrn 21
2(Rn rn1 )
J2 = J1e
 br21 Rn
Rn rn1
(14)
and the total current is I, then
r1Z
0
2Jcathrdr +
RZ
r1
2Jinletrdr = I (15)
The radius of the cathode tip r1 = 0:0005 m is chosen in the paper.
When R and n is identied, the solution of J1, J2 and b is unique. When
R = 0:0016 m and n is around 0.57, the maximum current density is almost
the same as that of linear current density. Figure 2 presents the current
proles at dierent n with R = 0:0016 m. When n = 1, the maximum
current density is smaller than that of linear current density. When n = 0:2,
the maximum current density is bigger than that of linear current density.
The eect of n will be discussed in the following. For R = 0:0016 m and
n = 0:2, the corresponding values of J1, J2 and b are 1:713 108, 5:634 108
and 1:527106 A/m2, respectively. The residual error by using two-equation
current density prole can reach 1:0 10 6.
2.4. Computational domain and boundary conditions
The computational domain of the F4 Sulzer-Metco plasma spraying torch
is shown in Fig. 3 (315809 calculation points). The boundary conditions of
the computational domain are shown in table 1. The temperature of 3500
K is imposed to the cathode tip and inlet, which is the same as that in
REF [13]. A convective boundary condition is imposed with a convective
heat transfer coecient hconv at the level of 10
5 W/m2  K and a reference
cooling water temperature of 300 K (Tab. 1). In the work of Trelles et
al. [25], an articially high electrical conductivity is tested with the level of
104 1=
 m and imposed on a layer of 0.1 mm of the thickness right in front
of the anode wall. In this study, the articially high electrical conductivity
near the anode is also used, and in order to get the three-dimensionality of
the plasma gas, it is imposed to only part of the anode wall with a small
angle  (Fig. 3) based on the experimental data.
3. Results and discussion
3.1. Eect of predened model parameters on the simulation results
Temperature and velocity elds for n = 1 and n = 0:2 are presented in
Fig. 4 with the mass ow rate 40 slpm of Ar and 8 slpm of H2 and current of
400 A (400A-40Ar+8H2). Note that the arc core radius is given as 0.0016 m
because this value is found to be close to the real arc core radius which will be
discussed in detail in the following section. The overall temperature for n =
1 is smaller than that for n = 0:2, especially at the high-temperature cathode
jet region, due to the lower current density. The velocity elds for both cases
are quite similar, but n = 0:2 leads to slightly larger area of the high velocity
region. In addition, the arc-root position is shown to be independent on the
value of n. Figure 5 shows the radial distribution of the temperature and
velocity at nozzle exit. It is found that the value of n almost has no eect
on the temperature and velocity distributions at nozzle exit because of the
heat and momentum exchanges at the torch downstream which eliminates
the dierence in the temperature and velocity elds. Therefore, based on the
above ndings, one may conclude that n mainly aects the temperature and
velocity inside the plasma torch, particularly at the upstream and central
regions. Considering the real experiment situation (relatively high tempera-
ture and velocity inside the torch), n = 0:2 is chosen as the default value in
the following study.
Sizable experimental works reported that the erosion of the anode wall is
always constrained at a small area, hence the angles for imposing articial
conductivity layer are reasonable to be small in the numerical model. In
order to nd whether the angle has eect on the prediction of the location of
arc-root attachment. Figure 6 shows the temperature elds inside the plasma
torch for two small angles, namely,  = 10 and 20. It is found that  seems
to have little eect on the predicted arc length. In the following simulations,
 = 10 is chosen as the default value.
Real arc core radius is also an unknown parameters, which needs to be
assumed before simulation. Figure 7 shows the eects of arc core radius on
arc length (arc length refers to the axial distance between the cathode tip
and the anode spot) and torch power. Arc current and mass ow rate are
xed to 400A-40Ar+8H2. Numerical simulations are carried out to obtain
the torch power with dierent arc core radii. The torch power is calculated
based on the voltage on the cathode tip and current when the computation
is convergent (residual error  1e-6) and stable. It is observed that both
torch power and arc length decrease with increasing the arc core radius.
The present results can be supported by the previous work and the current
conservation equation in [13]:
L = R2
W
I2
(16)
When R increases, the maximum value of the current density described
by the Eq. 12 decreases, which declines the temperature of the plasma col-
umn. Generally, the decrease of the temperature indicates the decline of the
torch power. Besides, the reduction of temperature also results in signicant
reduction of the electrical conductivity when temperature is below 20,000 K
as stated in [30]. For example, at the condition of I = 400 A, when R in-
creases from 0.0016 m to 0.0018 m (growing by 26:5% for R2), the calculated
average value of  falls by 27%. Therefore, it is reasonable that both arc
length and torch power decrease as arc core radius increases.
3.2. Minimum total heat transfer rate principle for determining the location
of the arc-root attachment
A new method for determining the arc-root position is proposed. In this
method, the minimum total heat transfer rate through the anode wall is
considered as the criterion of the lowest energy loss. The arc core radius and
arc length which result in the minimum total heat transfer rate are regard as
the real ones. In the current simulation, the articial electrical conductivity
is introduced in the numerical model [32], thus the arc-root position can be
automatically determined to meet the force balance between magnetic and
drag forces in the axial direction.
In order to evaluate the reliability of this new principle, the total heat
transfer rates through the anode wall as a function of arc core radius for
dierent currents are presented in Fig. 8a. It is observed that the total heat
transfer rate through the anode wall uctuates as the arc core radius increases
gradually. For each case, the minimum heat transfer rate can be clearly found
at dierent arc core radii. Based on the minimum heat transfer rate principle,
the real arc core radii for the current of 400 A and 500 A are around 0.0016 m
and 0.0019 m, respectively. Also, the corresponding arc lengths are around
0.0083 m and 0.0061 m, respectively, which can be clearly found from Fig.
8b showing the arc length as a function of arc core radius. Given the current
and the mass ow rate, the arc length decreases with the increase of the arc
core radius, which has been explained by equation (16). The suitable arc
core radius determined by our principle are comparable with the previous
simulation result obtained on the basis of minimum entropy production [13].
This fact implies that the real arc core radius can be distinguished by dierent
principles.
For comparison with the experiment, Fig. 9 shows the cross-sectional
photograph of the F4 nozzle under the working current of 400 A. The torch
is seriously eroded on the anode wall surface, which arises from the extremely
high temperature at the anode spot. Also, the erosion is found to be locat-
ed at the transition region between convergent part and barrel part of the
torch. The predicted arc-root position at the current of 400 A is at 0.0083 m
downstream from the inlet, which refers to the same region as the erosion in
the experiment. Hence, the numerical result is in agreement with the exper-
imental result, which positively conrms the feasibility of the minimum heat
transfer rate principle. Furthermore, the comparison of torch eciency is
also performed, and the results are listed in Tab. 2. Once again, the results
obtained in the current work compare fairly well with the previous numerical
and experimental results, which further conrms the accuracy of minimum
total heat transfer rate principle. Besides, Fig. 8 also reveals that the heat
transfer rate rises with increasing the working current. The reason is that
the convective heat transfer coecient and the temperature of the water are
constant in the calculation, so the temperature at the anode wall is the main
parameter to aect the total heat transfer rate. At the same ow rate, high-
er current results in higher plasma arc temperature, thus higher anode wall
temperature and higher heat transfer rate.
3.3. Eect of current and mass ow rate on the temperature and velocity
elds
Figure 10 shows the temperature and velocity elds inside plasma torch
under the condition of 400A-50Ar+8H2 and 500A-40Ar+8H2. Recalling to
Fig. 4b and 4d that show the temperature and velocity elds under the
condition of 400A-40Ar+8H2, one can nd that at the same current the
overall temperature inside the torch decreases with increasing the mass ow
rate of Ar, but the overall velocity shows an increasing trend. Under the
same inlet ow rate, the gas temperature is not drastically aected by the
increment of arc current because the enthalpy input is not greatly changed
over the predicted temperature range. In addition, it is also found that the
arc length goes up with increasing the ow rate but reduces with increasing
the current. This can be supported by the following equation given by [32, 33]
   30I2=16Rc 1  7r20
8R2c

cos dL+ CDr0u
2
zdL = 0 (17)
There exists a balance situation in axial direction between two kinds of
forces existing on an arc column, namely net magnetic body force (rst term
of the left part in Eq. 17) and gas dynamic drag force (second term). r0,
Rc and CD are roughly treated as constant due to negligible change in the
calculation. When the mass ow rate of Ar increases, the value of uz has
a great increase, which indicates that the force induced by the ow rate
increases, and then the location of the arc attachment moves to the right
(L is longer). When only current increases, the magnetic force presents
considerable increase, hence the location of the arc attachment moves to
the left. Furthermore, this fact can be also well explained by the following
relation [32, 33]:
L  5=4V=I (18)
Firstly, when the mass ow rate of Ar increases from 40 slpm to 50 slpm,
the temperature eld at the near-arc region has no signicant change (Fig.
4b and 10a), the consequent density must follow the same variation trend due
to its temperature-dependent property. However, the velocity at the near-arc
region is found to signicantly increase with increasing the ow rate (Fig. 4d
and 10c). Therefore, the arc length must increase with the ow rate under
the same current based on Eq. 18. On the other hand, when the current
rises from 400 A to 500 A, temperature (Fig. 4b and 10b) and velocity (Fig.
4d and 10d) at the near-arc region increase. But the increased temperature
is able to decrease the plasma density, and the density reduction should be
more prominent than the increment of velocity. Besides, the power of 1.25 to
density in Eq. 18 provides more downward trend to the arc length. The nal
consequence is the arc length decreases with increasing the current. Previous
numerical prediction [2] and experimental ndings [32, 33] also reported the
similar results.
Figure 11 shows the contours of the predicted electric potential under
dierent currents and mass ow rates. As can be seen from Fig. 11a and c,
the arc voltage goes up as the mass ow rate increases. This phenomenon
may be explained as that more energy that is represented by arc voltage is
needed to ionize the more volume of gas. On the contrary, as shown in Fig.
11a and c, with the current going up, the voltage shows a decreasing trend,
which is in agreement with that reported in [34]. Moreover, it is known
that larger voltage can also result in the arc-root attachment moving further
towards the downstream. This fact also can be used to explain why the
length of the arc-root attachment increases with the inlet mass ow rate but
decreases with the current.
The eects of the mass ow rate and the current on the temperature and
velocity proles at the nozzle exit are also studied (Fig. 12). It is seen that the
temperature and velocity roughly show an upward trend with increasing the
mass ow rate of Ar under the same current, but they are insensitive to the
current under the same ow rate. The reason for this fact is given as follows.
Recalling to Fig. 8, under the same current, when increasing the mass ow
rate, the core radius will decrease and arc length will increase, which enables
the energy to maintain on a long distance, and thus more energy at nozzle exit
can be retained. For the same mass ow rate, when increasing the current,
the core radius will increase and arc length will decrease, which implies that
the plasma energy mainly concentrates at the upstream of the plasma torch.
In this case, the total heat transfer rate increases, and more energy will be
taken by the water. Therefore, increasing current may exert less eect on
the temperature and velocity at the nozzle exit in comparison with that by
increasing only mass ow rate.
4. Conclusions
Numerical investigation on the non-transferred arc plasma torch is per-
formed by a well designed 3D model. A two-equation model is employed
for the rst time to describe the current density proles. A new method for
determining the arc-root position is developed, in which the minimum total
heat transfer rate is considered as the criterion. Based on this new principle,
the real arc core radius and arc length were obtained. The predicted re-
sults are well comparable with previous numerical and experimental results,
which positively conrms the feasibility of this new principle. Besides, more
conclusions obtained from the present study are shown as follows:
(1) Temperature and velocity inside the plasma torch decrease with in-
creasing n. However, n is found to have little eect on the temperature and
velocity at the nozzle exit.
(2) The minimum total heat transfer rate principle can be used to deter-
mined the suitable arc radius and corresponding arc length.
(3) Increasing current can increase the total heat transfer rate but de-
crease the voltage and the arc length.
(4) Increasing mass ow rate can decrease the total heat transfer rate but
increase the voltage and the arc length.
(5) Increasing current or mass ow rate can lead to the increase of tem-
perature and velocity at the nozzle exit, while mass ow rate presents much
more eect.
Acknowledgement
The authors acknowledge the database of thermo-physical properties of
the plasma gases from Dr AB Murphy (CSIRO, Australia) and the support
by Marie-Curie program IRSES IPACTS 268696.
References
[1] R. Westho, J. Szekely, A model of uid, heat ow, and electromagnetic
phenomena in a nontransferred arc plasma torch, J. Appl. Phys. 70(7)
(1991) 3455-3466.
[2] S. Paik, P.C. Huang, J. Heberlein, E. Pfender, Determination of the Arc-
Root Position in a DC Plasma Torch, Plasma Chem. Plasma Process.
13(3)(1993) 379-397.
[3] A.B. Murphy P. Kovitya, Mathematical model and laser-scattering tem-
perature measurements of a direct-current plasma torch discharging into
air, J. Appl. Phys. 73(10)(1993) 4759-4769.
[4] J.M. Bauchire, J.J. Gonzalez, A. Gleizes, Modeling of a DC Plasma
Torch in Laminar and Turbulent Flow, Plasma Chem. Plasma Process.
17(4)(1997) 409-432.
[5] J.J Gonzalez, P. Freton, A. Gleizes, Comparisons between two-and three-
dimensional models: gas injection and arc attachment, J. Phys. D: Appl.
Phys. 35(2002) 3181-3191.
[6] J. Park, J. Heberlein, E. Pfender, G. Candler, C.H. Chang, Two-
Dimensional Numerical Modeling of Direct-Current Electric Arcs in
Nonequilibrium, Plasma Chem. Plasma Process. 28(2)(2008) 213-231.
[7] I.B. Matveev , A.A. Tropina, S.I. Serbin, V.Y. Kostyuk, Arc Modeling in
a Plasmatron Channel, IEEE Trans. Plasma Sci. 36(1)(2008) 293-298.
[8] H.P. Li, E. Pfender, X. Chen, Application of Steenbeck's minimum prin-
ciple for three-dimensional modelling of DC arc plasma torches, J. Phys.
D: Appl. Phys. 36(2003) 1084-1096.
[9] H.P. Li, J. Heberlein, E, Pfender, Three-Dimensional, Nonequilibrium Ef-
fects in a High-Intensity Blown Arc, IEEE Trans. Plasma Sci. 33(2)(2005)
402-403.
[10] E. Moreau, C. Chazelas, G. Mariaux, A. Vardelle, Modeling the restrike
mode operation of a DC plasma spray torch, J. Therm. Spray Technol.
15(4)(2006) 524-530.
[11] J.P. Trelles, J.V.R. Heberlein, Simulation results of arc behavior in dif-
ferent plasma spray torches, J. Therm. Spray Technol. 15(4)(2006) 563-
569.
[12] C. Chazelas , E. Moreau, G. Mariaux, A. Vardelle, Numerical modeling
of arc behavior in a DC plasma torch, High Temp. Mater. Process 10(3)
(2006) 393-406.
[13] K. Ramachandran, J-L Marques, R. Vaen, D. Stover, Modelling of arc
behaviour inside a F4 APS torch, J. Phys. D: Appl. Phys. 39(15)(2006)
3323-3331.
[14] J.P. Trelles, E. Pfender, J.V.R. Heberlein, Modelling of the arc reattach-
ment process in plasma torches, J. Phys. D: Appl. Phys. 40(18)(2007)
5635-5648.
[15] H.P. Li, E, Pfender, Three Dimensional Modeling of the Plasma Spray
Process, J. Therm. Spray Technol. 16(2)(2007) 245-260.
[16] B. Selvan, K. Ramachandran, Comparisons Between Two Dieren-
t Three-Dimensional Arc Plasma Torch Simulations, J. Therm. Spray
Technol. 18(5)(2009) 846-857. .
[17] B. Selvan, K. Ramachandran, K.P. Sreekumar, T.K. Thiyagarajan, P.V.
Ananthapadmanabhan, Numerical and experimental studies on DC plas-
ma spray torch, Vacuum 84(4)(2010) 444-452.
[18] P. Eichert, M. Imbert, C. Coddet. Numerical Study of an ArH2 Gas
Mixture Flowing Inside and Outside a de Plasma Torch. Therm. Spray
Technol. 7(4)(1998) 505-512.
[19] E. Meillot, D. Guenadou, C. Bourgeoist. Three-Dimension and Transient
D.C. Plasma Flow Modeling. Plasma Chem Plasma Process 28(1)(2008)
69-84.
[20] J.M. Park, K.S. Kim, T.H. Hwang, S.H. Hong, Three-dimensional mod-
eling of arc root rotation by external magnetic eld in nontransferred
thermal plasma torches, IEEE Trans. Plasma Sci. 32(2004) 479-487.
[21] C. Baudry, Contribution la modlisation instationnaire et tridimension-
nelle du comportement dynamique de l'arc dans une torche de projec-
tion plasma, Ph.D Thesis, Laboratoire Science des Procds Cramiques et
Traitements de Surface, Universite de Limoges, France, 2003.
[22] C. Baudry, A. Vardelle, G. Mariaux, C. Delalondre, E. Meillot, Three-
dimensional and time-dependent model of the dynamic behaviour of the
arc in a plasma spray torch, Proc. Int. Thermal Spray Conf. 2004, pp.
717-723 .
[23] C. Baudry, A. Vardelle, G. Mariaux, Numerical modeling of a DC non-
transferred plasma torch: Movement of the arc anode attachment and
resulting anode erosion, High Temp. Mater. Process 9(1)(2005) 1-15.
[24] V. Colombo, E. Ghedini, Time-Dependent 3-D Simulation of a DC Non-
Transferred Arc Plasma Torch: anode attachment and downstream region
eects, Proc 17th Int. Symp. Plasma Chemistry, 2005, pp. 169-170.
[25] G. Mariaux, A. Vardelle, 3-D time-dependent modelling of the plasma
spray process. Part 1: ow modelling, INT. J. THERM SCI. 44(4)(2005)
357-366.
[26] J.P. Trelles, E. Pfender, J. Heberlein, Multiscale Finite Element Model-
ing of Arc Dynamics in a DC Plasma Torch, High Temp. Mater. Process
26(6)(2006) 557-575.
[27] D.L. Evans, R.S. Tankin, Measurement of Emission and Absorption of
Radiation by an Argon Plasma, Phys. Fluids 10 (1967) 1137-1144.
[28] V.R. Wutson, E.B. Pegot, Numerical calculations for the characteristics
of a gas owing axially through a constricted arc, NASA TECHNICAL
NOTE (1967) D-4042
[29] A.B. Murphy, C.J. Arundelli, Transport coecients of argon, nitrogen,
oxygen, argon/nitrogen, and argon/oxygen plasmas, Plasma Chem. Plas-
ma Process 14(4)(1994) 451-490.
[30] A.B. Murphy, Transport Coecients of Hydrogen and Argon/Hydrogen
Plasmas, Plasma Chem. Plasma Process 20(3)(2000) 279-297.
[31] J.P. Trelles, C. Chazelas, A. Vardelle, J.V.R. Heberlein, Arc Plasma
Torch Modeling, J. Therm. Spray Technol. 18(5)(2009) 728-752.
[32] S.A. Wutzke, Conditions governing the symptomatic behavior of an elec-
tric arc in a superimposed ow eld, Ph.d Thesis, Department of Mechan-
ical Engineering, University of Minnesota, USA, 1967.
[33] S.A. Wutzke, E. Pfender, E.R.G. Eckert. Symptomatic behavior of an
electric arc with a superimposed ow, AIAA. 6(8)(1968) 1474-1482.
[34] A. Schutze, J.Y. Jeong, S.E. Babayan, J. Park, G.S. Selwyn, R.F. Hicks.
The Atmospheric-Pressure Plasma Jet: A Review and Comparison to
Other Plasma Sources, IEEE Transactions on plasma science 26(6)(1998)
1685-1694.
Table1: Boundary conditions of the model used in the simulation.
Table2: Comparisons with previous work.
Fig1: Schematic map of plasma torch.
Fig2: Comparisons of current density proles.
Fig3: Computational domain and division of the boundary.
Fig4: Contours of temperature and velocity at the vertical plane under the
condition of 400A-40Ar+8H2 for dierent n.
Fig5: Temperature and velocity against radial position at the nozzle exit
under condition of 400A-40Ar+8H2.
Fig6: Contours of temperature at the vertical plane and dierent cross-
section under condition of 400A-40Ar+8H2 for dierent small angles .
Fig7: Arc length and torch power as a function of arc core radius under
condition of 400A-40Ar+8H2.
Fig8: Total heat transfer rate and arc length as a function of arc core radius.
Fig9: Cross-sectional photograph of the F4 plasma torch used in the ex-
periment.
Fig10: Contours of temperature and velocity elds through vertical plane
for dierent current and mass ow rate.
Fig11: Contours of voltage elds through vertical plane for dierent cur-
rent and mass ow rate.
Fig12: Temperature (a) and velocity (b) against radial position at the nozzle
exit.
Table 1: Boundary conditions of the model used in the simulation
u T  A
Inlet Q 3500 K  @/@n = Jinlet @A/@n = 0
Cathode tip 0.0 3500 K  @/@n = Jcath @A/@n = 0
Anode 0.0  @T/@n = hconv(T   Twater) 0.0 @A/@n = 0
Outlet @u/@n = 0 @T/@n = 0 @/@n = 0 0.0
Table 2: Comparisons with previous work
Power (kW) Eciency(%)
Exp. in [13] Ours Exp. in [13] Ours
400 A 24.2 22.2 49.0 53.5
500 A 29.1 25.3 49.6 50.2
Figure 1: Schematic view of an plasma arc inside the DC non-transferred torch.
Figure 2: Comparisons of current density proles.
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Figure 3: Computational domain and division of the boundary.
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Figure 4: Contours of temperature (a,b) and velocity (c,d) at the vertical plane under the
condition of 400A-40Ar+8H2. (a,c) n = 1; (b,d) n = 0.2.
Figure 5: Temperature (a) and velocity (b) against radial position at the nozzle exit under
condition of 400A-40Ar+8H2.
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Figure 6: Contours of temperature at the vertical plane and dierent cross-section under
condition of 400A-40Ar+8H2. (a,b)  = 10
, (c,d)  = 20.
Figure 7: Arc length and torch power as a function of arc core radius under condition of
400A-40Ar+8H2.
Figure 8: Total heat transfer rate (a) and arc length (b) as a function of arc core radius.
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Figure 9: Cross-sectional photograph of the F4 plasma torch used in the experiment.
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Figure 10: Contours of temperature and velocity at the vertical plane for dierent currents
and mass ow rates. (a,c) I400A-50Ar+8H2; (b,d) I500A-40Ar+8H2.
0 8 16 24 32 40 48 56 64
(a) Voltage
400I-40Ar+8H2
0 8 16 24 32 40 48 56 64
(b) Voltage
400I-50Ar+8H2
0 8 16 24 32 40 48 56 64
(c) Voltage
500I-40Ar+8H2
Figure 11: Contours of voltage at the vertical plane for dierent currents and mass ow
rates.
Figure 12: Temperature (a) and velocity (b) against radial position at the nozzle exit.
